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ABSTRACT
‘BRCAness’ is a term used to describe cancer cells that behave similarly to tumors with BRCA1 or BRCA2
mutations. The BRCAness phenotype is associated with hypersensitivity to chemotherapy agents including
PARP inhibitors, which are a promising class of recently-licensed anti-cancer treatments. This
hypersensitivity arises because of a deficiency in the homologous recombination (HR) pathway for DNA
double-strand break repair. To gain further insight into how genetic modifiers of HR contribute to the
BRCAness phenotype, we created a new mouse model of BRCAness by generating mice that are deficient
in BLM helicase and the Exo1 exonuclease, which are involved in the early stages of HR. We find that cells
lacking BLM and Exo1 exhibit a BRCAness phenotype, with diminished HR, and hypersensitivity to PARP
inhibitors. We further tested how 53BP1, an important regulator of HR, affects repair efficiency in our
BRCAness model. We find that deletion of 53BP1 can relieve several of the repair deficiencies observed in
cells lacking BLM and Exo1, just as it does in cells lacking BRCA1. These results substantiate the
importance of BRCAness as a concept for classification of cancer cases, and further clarify the role of
53BP1 in regulation of DNA repair pathway choice in mammalian cells.
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Introduction

15 In recent years, a number of compounds forming a new genera-
tion of anti-cancer chemotherapy agents, the PARP inhibitors,
have been licensed for clinical use [1]. These molecules inhibit
the normal activity of poly(ADP-ribose) polymerase (PARP),
an enzyme that modifies proteins in the vicinity of DNA dam-

20 age sites by addition of chains of ADP-ribose monomers.
PARP inhibitors produce a significant increase in the rate of
DNA double-strand break (DSB) formation. These DSBs can
normally be repaired by cellular DNA repair activities, but cells
which are deficient in DSB repair are hypersensitive to PARP

25 inhibition, leading to cell death in the presence of PARP inhibi-
tors. Cells from tumors carrying BRCA1 or BRCA2 mutations
are especially sensitive to PARP inhibitors, because the homol-
ogous recombination (HR) pathway for DSB repair is deficient
in these cells [2,3]. PARP inhibitors were therefore originally

30 licensed for treatment of patients with BRCA1/2-associated
ovarian cancer.

Other mutations affecting components of DNA repair path-
ways also confer PARP inhibitor hypersensitivity. The term
‘BRCAness’ has been used to describe a deficiency in HR and

35 PARP inhibitor hypersensitivity, as is observed with BRCA1/2-
deficiency [4,5]. By identifying additional genetic signatures
associated with ‘BRCAness’ in cancer cells, it may be possible
to expand the range of cases that can be treated using PARP
inhibitor therapy. Estimates for the proportion of tumors that

40 may exhibit ‘BRCAness’ reach as high as »50% for incidences

of ovarian carcinoma [6]. One challenge to expanding the range
of clinical cases that can be treated with PARP inhibitors is
in predicting which tumors are likely to exhibit ‘BRCAness’.
BRCAness is generally defined as a deficiency in HR, but

45the exact contribution of different genetic modifiers of HR in
mammalian cells is not fully understood. BRCA1 has also
been reported to have roles in other cellular processes, such
as regulation of gene expression, which may contribute to
the particular repair deficiencies seen in BRCA1-deficient

50cells [7–9].
One important regulator of HR is p53-Binding Protein 1

(53BP1), which was originally identified as an interacting part-
ner of p53, but which has subsequently been revealed to have a
role in repair of DSBs [10]. 53BP1 is recruited to chromatin in

55the vicinity of DSBs, based on the interaction of its Tudor
domain and Ubiquitin Dependent Region with modified histo-
nes [11,12]. We previously observed that deletion of the 53bp1
gene in Brca1-deficient mice largely rescues the pathological
effects of Brca1 loss-of-function [13–15]. In particular, embry-

60onic lethality associated with homozygous loss of Brca1, or
tumor susceptibility arising in cells with conditional knockout
of Brca1, are both rescued by co-deletion of 53bp1. Based on
measurements of altered HR efficiency in Brca1/53bp1 double-
knockout cells, we showed that 53BP1 affects survival of Brca1-

65deficient cells by limiting the efficiency of HR. Other genetic
modifiers of HR efficiency in Brca1-deficient cells, including
REV7 and Polu, have subsequently been identified [16,17].
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According to current models, 53BP1 regulates the ability of
cells to perform HR at least in part by modulating the extent of

70 resection at DSBs [10,18]. Resection involves processing of a
blunt DSB by nuclease activity on the 5’ ends of the DNA frag-
ments, producing 3’ single-stranded DNA overhangs. The sin-
gle-stranded DNA regions formed by DSB resection are bound
by replication protein A (RPA) and subsequently by RAD51

75 and its paralogs, forming a recombinogenic nucleoprotein fila-
ment [7]. The nucleoprotein filament can pair with a homolo-
gous DNA sequence, such as homologous sequence on a sister
chromatid, leading to formation of a Holliday Junction and
template-based repair of the DSB by HR. We proposed that

80 BRCA1 is necessary to overcome a blocking effect of 53BP1 on
DSB resection, and BRCA1-deficient cells have a defect in HR
because they cannot overcome this inhibitory effect [14,19]. In
the absence of 53BP1, Brca1/53bp1 double-knockout cells grow
relatively normally, because the requirement for BRCA1 is

85 relieved. This model is supported by several lines of evidence
indicating that DSB resection is increased in the absence of
53BP1 [13,14,20,21]. On the other hand, this model also pre-
dicts that DSB resection should be deficient in Brca1-deficient
cells when 53BP1 is present, but the evidence for a block in

90 DSB resection associated with loss of BRCA1 is inconclusive
[8,22]. Using a modified DNA combing assay, Cruz-Garcia et
al demonstrated that the normal pace of DSB resection
requires the interaction of BRCA1 and CtIP, although the
BRCA1-CtIP interaction is not absolutely essential for resec-

95 tion to proceed [23–25]. A cellular system to measure resec-
tion at AsiSI endonuclease cut sites also showed no evidence
of a defect in resection after BRCA1 knockdown [26]. In our
own studies, we have observed no obvious defect in RPA load-
ing at DSB sites induced by ionizing radiation (IR) in Brca1-

100 deficient cells [27].
To better understand the effect of 53BP1 in controlling

DSB repair in cells with deficient HR, we have generated a
mouse model of ‘BRCAness’, in which DSB resection is pre-
dicted to be deficient. The exonuclease, EXO1, and the

105 RECQ helicase, BLM, have been reported to function in par-
allel pathways for ‘long-range’ resection of DSBs [28–30].
Using Exo1¡/¡ mice in which Blm is conditionally-inacti-
vated, we have generated cells that lack long-range resection
activity, and exhibit ‘BRCAness’, as demonstrated by PARP

110 inhibitor hypersensitivity and reduced markers of HR. Co-
deletion of the 53bp1 gene is sufficient to substantially rescue
HR and partially relieves the cell growth defect of cells lack-
ing both BLM and EXO1. 53bp1 deletion does not cause a
significant increase in DSB resection in our ‘BRCAness’ cell

115 model, however, supporting the idea that the effect of 53BP1
in regulating HR depends on other factors in addition to reg-
ulation of resection.

Results

Generation of a ‘BRCAness’mouse model by deletion of
120 Blm and Exo1

Repair of DSBs by HR requires DSB resection, which proceeds
by an initial Mre11/CtIP-dependent step followed by ‘long-
range’ resection of the DSB by the exonuclease, EXO1, and a

complex of BLM/Dna2[7,28–30]. We reasoned that combined
125targeting of Exo1 and Blm would cause a defect in DNA dou-

ble-strand break repair, and PARP inhibitor hypersensitivity,
by limiting DSB resection. We therefore crossed Exo1+/¡ mice
[31] to Blmfl/fl mice [32], which carry a conditional allele of
Blm. Deletion of the Blmfl/fl alleles to generate BlmD/D cells was

130achieved by breeding to CD19-Cre knockin mice, which express
Cre recombinase in the B lymphocyte lineage only [33]. Pri-
mary BlmD/D Exo1¡/¡ B cells were isolated from the spleens of
appropriate mice, and placed in culture with LPS to induce cell
proliferation. After two days of cell growth, we treated the cells

135either with olaparib, a PARP inhibitor, or mitomycin C
(MMC), which produces interstrand DNA crosslinks. Follow-
ing drug treatment, genomic instability was measured in the
different genotypes using telomere PNA-FISH to reveal chro-
mosomal abnormalities in metaphase spreads (Figure 1A) [34].

140Although single-knockout BlmD/D or Exo1¡/¡ metaphase
spreads did not show substantial olaparib or MMC sensitivity,
BlmD/D Exo1¡/¡ double-knockout B cells showed a significantly
higher rate of chromosome aberrations after drug exposure
(Figure 1B–D). BlmD/D Exo1¡/¡ cells therefore appear to exhibit

145features of ‘BRCAness’.

Deletion of 53bp1 rescues genomic instability in BlmD/D

Exo1¡/¡ Model of ‘BRCAness’

As 53bp1 deletion rescues many phenotypes of Brca1-deficient
cells [14,35], we tested the contribution of 53BP1 to DNA

150repair efficiency in cells exhibiting ‘BRCAness’ by crossing
BlmD/D Exo1+/¡ to 53bp1¡/¡ mice to generate BlmD/D Exo1¡/¡

53bp1¡/¡ ‘triple-knockout’ B cells. Despite deletion of these
three repair factors, we found that the triple-knockout cells did
not show a significant growth defect relative to WT. Interest-

155ingly, co-deletion of 53bp1 was sufficient to achieve a significant
reduction in the frequency of chromosome aberrations in
BlmD/D Exo1¡/¡ cells treated with either olaparib or MMC
(Figure 1A–C). This result indicates that 53bp1 deletion can
result in an improvement in genomic integrity in certain

160genetic backgrounds associated with ‘BRCAness’, as has previ-
ously been observed in Brca1-deficient cells.

To test the impact of combined deletion of Blm and Exo1 on
cell growth in the presence of PARP inhibitors, we performed a
CFSE dilution assay, which measures the ability of B cells to

165undergo cell division in vitro. Consistent with the chromosome
instability results, olaparib treatment caused a significant
reduction in the ability of BlmD/D Exo1¡/¡ B cells to proliferate
in vitro (Figure 1E and F). BlmD/D Exo1¡/¡ 53bp1¡/¡ cells pro-
liferated slightly less than WT or single-knockout cells, but this

170difference did not rise to the level of statistical significance.
Together, these results support the idea that genomic instability
arising with deletion of long-range resection activities leads to
reduced cell growth. The presence of 53BP1 contributes signifi-
cantly to the repair deficiencies of the BRCAness cells.

175We measured levels of phosphorylated Kap1 in cells lacking
BLM, EXO1 or 53BP1 after ionizing radiation, but did not find
any substantial differences between the various genotypes
(Figure S1A). This result suggests that phenotypes of BLM/
EXO1-deficient cells are not dependent on reduced ATM sig-

180naling. We also measured class switch recombination of B

2 S. M. MISENKO ET AL.
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lymphocytes lacking BLM, EXO1 or 53BP1 (Fig S1B-C). As
expected, 53BP1¡/¡ cells showed a substantial defect in class
switching to IgG1, and this rate was further lowered by com-
bined deletion of BLM and EXO1. Targeting resection activities

185 therefore does not rescue the class switch recombination phe-
notype of 53BP1¡/¡ cells.

53BP1 blocks homologous recombination in cells lacking
long-range resection activities

Next, we tested whether the genomic instability phenotype of
190BlmD/D Exo1¡/¡ cells was associated with a defect in homolo-

gous recombination. First, we quantified the appearance of

Figure 1. Deletion of 53BP1 restores genomic integrity and cell proliferation in BlmD/DExo1¡/¡ B cells.
(A) Metaphase spreads from primary B lymphocytes. Chromosomes are stained with DAPI (blue) and telomere labeled with Cy3-PNA probe (red). Arrow indicates radial chromosome,
open triangle indicates chromosome break (CSB), solid triangle indicates chromatid break (CTB). Quantification of chromosome aberrations from cells after: (B) No treatment (C) Ola-
parib treatment (2 mM, 18 hrs) (D) Mitomycin C treatment (250 nM, 18 hrs). Error bars show s.d. in each case. P values calculated using 2-tailed Student T test. N = 3 or more for each
sample. (E) Flow cytometry CFSE staining profiles of B cells of indicated genotypes after 72 hrs growth in vitro. CFSE signal is lowest in cells that divided the most during the experi-
ment. Dashed line indicates maximum peak height for WT. (F) Quantification of CFSE assay, showing the average mean fluorescence intensity of CFSE in cells of of the indicated geno-
types. Lower values for CFSE signal indicate more cell division during the experiment. Error bars show s.e.m. N = 2 – 7.Statistical significance scored using 2-tailed Student T test, with
P<0.05 taken as statistically significant (�).

CELL CYCLE 3
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nuclear foci of RAD51, a key component of the HR pathway, at
IR-induced DNA damage sites (Figure 2A and B). RAD51 foci
are dependent on DSB resection, and deletion of resection fac-

195 tors, such as CtIP, reduces RAD51 foci formation [24]. BlmD/D

Exo1¡/¡ cells showed a significant defect in accumulation of
RAD51 foci, which was more pronounced than the defect evi-
dent in cells that were deficient in either Blm or Exo1 individu-
ally. The genomic instability observed in the double-mutant

Figure 2. Deletion of 53BP1 restores HR in BLM and EXO1 double-deficient cells.
(A) Immunofluorescence of RAD51 foci (red) in B lymphocytes fixed after 10 Gy ionizing radiation + 4 hour recovery. DAPI staining (blue) was used as DNA counterstain. (B) Quantification of the
percentage of cells with>5 RAD51 foci per cell. (C) Sister chromatid exchange assay from primary B lymphocytes grown in BrdU for 48 hours and treated (18 hrs) with 2 mM olaparib. Metaphase
spreads were differentially labeled using Hoechst-33342 and Giemsa stain. The arrow indicates a chromosome from a BlmD/D cells showing a high rate of chromatid exchanges. (D) Quantification
of average sister chromatid exchanges per cell. Error bars show s.d. P values calculated using 2-tailed Student T test. N = 3. (E) Measurement of HR by U2OS EJ-DR reporter assay. I-SceI-mediated
DNA double-strand breaks were induced in cells treated with siRNA oligos as shown and GFP+ cells were detected by flow cytometry. For siCTRL, N = 6, for siBLM;siEXO1, N = 7, for siBLM;siEXO1;
si53BP1, N = 2.

4 S. M. MISENKO ET AL.
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200 cells therefore correlates with a defect in HR, consistent with
the known role of BLM and EXO1 in long-range resection of
DSBs during HR-mediated repair. When 53bp1 was also
deleted, to make BlmD/D Exo1¡/¡ 53bp1¡/¡ B cells, we found
that RAD51 foci were substantially restored relative to BlmD/D

205 Exo1¡/¡ cells. This result suggests that the improved genomic
integrity and cell growth after olaparib treatment observed
with co-deletion of 53bp1 in BlmD/D Exo1¡/¡ cells is related
to improved HR. This result is similar to that seen with
Brca1D11/D11 cells, which show genomic instability and reduced

210 cell growth after PARP inhibitor treatment that can be reversed
by co-deletion of 53bp1 [14,15,35]. Using knockdown of BLM,
EXO1 and 53BP1 in U2OS osteosarcoma cells, we were further-
more able to show that of deletion of these factors gave an
equivalent effect on RAD51 foci formation in human cells

215 (Fig S2A-C).
As a second measure of HR, we assayed the frequency of sis-

ter chromatid exchanges in B cells after overnight treatment
with the PARP inhibitor, olaparib. Sister chromatid exchanges
form as a result of crossover HR involving homologous sequen-

220 ces on sister chromatids in late S/G2 phase. As such, the rate of
sister chromatid exchanges can be used as a measure of one
product of HR [36]. BlmD/D cells are known to have a high rate
of sister chromatid exchanges, because BLM mediates an alter-
native pathway leading to non-crossover resolution of HR

225 intermediates (Figure 2C and D) [7,37]. We nonetheless found
that BlmD/D Exo1¡/¡ cells show significantly lower rates of sis-
ter chromatid exchanges relative to BlmD/D cells, suggesting
that in the absence of long-range DSB resection, the high rates
of crossover HR normally seen in BlmD/D cells cannot be sus-

230 tained. This result points to a reduced rate of HR in BlmD/D

Exo1¡/¡ cells. The rate of SCEs is increased in BlmD/D Exo1¡/¡

53bp1¡/¡ B cells (Figure 2D), again demonstrating that 53BP1
exerts a block on HR in the BlmD/D Exo1¡/¡ model of ‘BRCA-
ness’. These results are reminiscent of observations made upon

235 co-deletion of 53bp1 in Brca1D11/D11 cells. We also found that
deletion of 53bp1 increases the rate of SCEs in BlmD/D B cells,
as has previously been found using knockdown approaches in
BLM-deficient cells [38]. As a third measure of HR, we used
EJ-DR reporter cells, which express GFP following HR-medi-

240 ated repair of induced I-SceI-mediated DSBs (Figure 2E).
Knockdown of 53BP1 correlated with a higher frequency of HR
in cells treated with siBLM and siEXO1 oligos, indicating that
53BP1 restricts the use of HR in cells lacking key DSB resection
factors.

245 Reduced DSB resection in mouse ‘BRCAness’model

To test whether the reduced genomic integrity and HR effi-
ciency of our BlmD/D Exo1¡/¡ cells was related to reduced DSB
resection in these cells, we used a flow cytometry approach to
detect RPA bound at single-stranded DNA regions (Figure 3A)

250 [39]. RPA loading in this assay is linked to single-stranded
DNA regions that arise during replication in S phase, and also
single-stranded DNA that is formed at break sites through
resection in the late S and G2 phases of the cell cycle. By quanti-
fying RPA staining in late S and G2 phase cells, we were able to

255 discern an increase in RPA intensity following DNA damage
in WT cells, consistent with an increase in DSB resection

(Figure 3B and C). RPA intensity following DNA damage
was not substantially reduced relative to the WT in BlmD/D,
Exo1¡/¡ or 53bp1¡/¡ single-knockout cells. RPA intensity was

260significantly reduced, however, in BlmD/D Exo1¡/¡ double-
knockout cells. This result demonstrates that in primary B cells,
normal DSB resection is dependent on redundant contributions
from both BLM and EXO1, as has been seen previously using
knockdowns in cell line models [28]. The defect in DSB resec-

265tion in double-knockout cells correlates with and likely
accounts for the defective HR and repair phenotypes observed
in these cells. We hypothesized that co-deletion of 53BP1
would rescue the resection defect evident in BlmD/D Exo1¡/¡

cells. Surprisingly, in BlmD/D Exo1¡/¡ 53bp1¡/¡ cells, the
270rate of resection was not significantly different from BlmD/D

Exo1¡/¡ cells. This result suggests that rescue of genomic integ-
rity by deletion of 53BP1 from BlmD/D Exo1¡/¡ cells may not
require a large increase in DSB resection.

As a second measure of DSB resection in cells lacking BLM,
275EXO1 and 53BP1, we applied native BrdU immunofluores-

cence to measure exposed single-stranded DNA regions after
ionizing radiation-induced DNA damage [13]. After knock-
down of BLM, EXO1 and/or 53BP1, cells were grown for
48 hrs in BrdU medium. Following DNA damage, BrdU

280exposed at resected DNA break sites was detected using an
anti-BrdU antibody and flow cytometry (Figure S3). Using this
approach, we were able to detect an increase in exposed single-
stranded DNA, consistent with DSB resection, in control cells
and cells with single knockdown of BLM, EXO1 or 53BP1, fol-

285lowing ionizing radiation. Cells with combined knockdown of
BLM and EXO1, or ‘triple-knockdown cells’ lacking BLM,
EXO1 and 53BP1, did not show an equivalent increase in
exposed BrdU signal, indicating that resection is defective in
these cells (Figure 3D). This result is consistent with our find-

290ings using RPA FACS, which showed that deletion of 53BP1
does not cause an increase in resection sufficient to be detected
by these methods.

Lack of long-range DSB resection activities leads to
defective G2M checkpoint

295In addition to a defect in HR, Brca1-deficient cells show defec-
tive cell cycle checkpoints [40]. The G2M checkpoint normally
prevents entry of cells carrying chromosome breaks into mito-
sis, and is induced by DNA damage signaling involving ATM-
Chk2 or ATR-Chk1 [41]. The activation of the ATR-Chk1 sig-

300naling axis requires association of the ATR kinase with its part-
ners, TOPBP1 or ETAA1, at RPA-bound single-stranded DNA
regions [42]. RPA loading requires resection, and defects in
DSB resection, such as that caused by deletion of CtIP, reduce
ATR activation and lead to a failure of the G2M checkpoint

305[43,44]. To test if the reduced DSB resection that we observed
in BlmD/D Exo1¡/¡ B cells is associated with a defect in signal-
ing pathways leading to induction of the G2M checkpoint, we
measured the proportions of mitotic cells after DNA damage
induced by ionizing radiation. We found that deletion of either

310Blm or Exo1 singly does not cause a significant G2M checkpoint
defect, but combined deletion of Blm and Exo1 caused a
failure in the G2M checkpoint (Figure 4A and B). To test if
53bp1 deletion modified the G2M checkpoint defect of

CELL CYCLE 5
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BlmD/D Exo1¡/¡ cells, we also tested BlmD/D Exo1¡/¡ 53bp1¡/¡

315 cells after IR treatment. 53bp1 deletion did not completely reverse
the G2M checkpoint defect of BlmD/D Exo1¡/¡ cells. BlmD/D

Exo1¡/¡ 53bp1¡/¡ cells also showed a mitotic index after IR that
was elevated relative to WT controls. Levels of Chk1 phosphory-
lation, which are indicative of ATR activation, were reduced in

320 BLM/EXO1-deficient cells, and only partially rescued by 53BP1
deletion (Figure 4C). Taken together, this evidence suggests that
53BP1 deletion is not sufficient to completely rescue ATR activa-
tion or restore a normal G2M checkpoint defect in BlmD/D

Exo1¡/¡ cells. Notably, 53bp1 deletion also does not rescue the
325 G2M checkpoint defect of Brca1-deficient cells [45].

Discussion

The concept of ‘BRCAness’ has been used to describe tumors
that behave like BRCA1- or BRCA2-associated cancer cases by
having a defect in HR and hypersensitivity to chemotherapy

330agents such as olaparib and cisplatin. To attempt to better test
our understanding of ‘BRCAness’, we set out to create a mouse
model that we hypothesized would show cellular phenotypes
similar to those seen in cancer cells harboring BRCA1 or
BRCA2 mutations. BLM and EXO1 have been shown to have

335parallel roles in ‘long-range’ DSB resection using biochemical
approaches and in cell lines, but the importance of ‘long-range’
resection for HR in primary mammalian cells has not

Figure 3. Measurement of DSB resection by BLM and EXO1 in the absence of 53BP1.
(A) Detection of chromatin-bound RPA at different phases of the cell cycle. Ex vivo B-lymphocytes were either not treated (NT) or treated with 1 mM camptothecin (CPT) for 1 hour, then fixed
and stained with propidium iodide (to measure DNA content) and anti-RPA32 antibody. Late S phase / G2 / M phase cells were selected for further analysis (gated population). (B) Quantification
of RPA intensity in CPT-treated late S/G2-phase cells. Gated populations from (A) were further analyzed to identify the proportion of cells staining strongly for RPA (indicates resection). RPA stain-
ing was higher in WT cells and reduced in BlmD/DExo1¡/¡ cells. (C) Graph of average mean fluorescent intensity of RPA staining in cells of the indicated genotypes in late S/G2 phase. Error bars
indicate s.d. Statistical significance scored using 2-tailed Student T test, with P<0.05 taken as statistically significant (�). N = 3. (D) Quantification of resection by native BrdU immunofluorescence
and flow cytometry. Cells treated with the siRNA oligos as shown were grown in BrdU, irradiated (30Gy, 2hrs recovery) and stained for BrdU at exposed single-stranded DNA regions. Mean
increase in BrdU+ population is shown in each case. N = 2. Error bars represent standard deviation.
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previously been tested [28–30]. We find that combined deletion
of these factors results in a ‘BRCAness’ phenotype. First,

340 BlmD/D Exo1¡/¡ cells are hypersensitive to PARP inhibition,
showing elevated genomic instability and reduced cell growth
after olaparib treatment. Second, they lack hallmarks of
HR, such as DNA damage-induced RAD51 foci. Third, DSB
resection is reduced in BlmD/D Exo1¡/¡ cells, a phenotype that

345 may also be associated with loss of BRCA1. Finally, BlmD/D

Exo1¡/¡ cells show a defect in the G2M checkpoint, as is seen
in BRCA1- and BRCA2-deficient cells. These observations sup-
port the idea that BlmD/D Exo1¡/¡ cells are a valid model for
‘BRCAness’.

350 HR initiates by an initial resection step involving CtIP and
Mre11 [7]. Our data is congruent with previous studies which

show that, in the presence of 53BP1, this initial resection step is
not sufficient for efficient HR [28–30]. Additional resection
mediated by BLM and Exo1 appears to be essential to support

355normal HR-mediated repair. Several other factors have been
proposed to act in long-range resection in mammalian cells,
including the RECQ family helicases, WRN and RECQL4 [46–
48]. Our results do not rule out the idea that these factors con-
tribute to long-range resection, but they suggest that these addi-

360tional ‘long-range resection’ factors cannot substitute fully for
BLM and EXO1. Some level of HR is nonetheless possible in
the absence of BLM and EXO1, as can be seen by the sustained
rate of crossover HR events observed using the sister chromatid
exchange assay. In contrast, knockdown of CtIP leads to a

365lower rate of SCE formation than in control cells [49]. The

Figure 4. Analysis of cell cycle progression after ionizing radiation in the absence of BLM, EXO1 and 53BP1.
(A) Mitotic populations of B lymphocytes following 2.5 Gy ionizing radiation + 1-hour recovery. Cells were fixed and stained with propidium iodide (to measure DNA content) and an antibody for
the mitotic chromatin signature pSer10-H3. The mitotic population is indicated. (B) Quantification of the average mitotic population after treatment with IR, normalized to the mitotic population
from untreated cells. N = 3. Error bars indicate s.d. P values calculated using 2-tailed Student T test. (C) Western blot analysis of pSer345-Chk1 levels after treatment with 2.5 Gy ionizing radiation
+ 1-hour recovery. (D) Model for 53BP1 action in BlmD/DExo1¡/¡ cells. 53BP1 appears to limit DSB resection mediated by CtIP-MRN during the early phases of homologous recombination, lead-
ing to genomic instability in cells lacking pro-HR activities such as BRCA1. Subsequent ‘long-range’ resection by BLM and Exo1 increases HR efficiency, allowing normal HR even when 53BP1 is
present. 53BP1 also acts by a non-resection mechanism to promote toxic repair pathways such as classical nonhomologous end-joining (NHEJ) and alternative end-joining (A-EJ).
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initial stage of resection mediated by CtIP is therefore of more
fundamental importance to HR than subsequent long-range
resection by BLM and Exo1.

Our ‘BRCAness’ model involving combined deletion of Blm
370 and Exo1 allows us to further test the importance of 53BP1 as a

factor regulating DSB repair efficiency in cells with HR defects.
53BP1 expression correlates with survival in BRCA1-dependent
breast cancer [35,50], and 53BP1 may also be an important
modulator of tumor cell survival or chemoresistance in the con-

375 text of other genetic mutations. In previous work, we found
that deletion of 53BP1 largely rescues the repair deficiency of
Brca1-deficient cells, but has little or no effect in cells with defi-
ciencies in the HR genes Brca2, Palb2, and Xrcc2, or the Fan-
coni Anemia gene, Fancd2 [13,14,35,51]. We proposed that

380 53BP1 inhibits HR by reducing DSB resection. According to
this model, 53bp1 deletion rescues the loss of HR in mutants in
which there is a resection defect, but does not rescue the loss of
HR in mutants that affect later stages of the recombination pro-
cess (such as BRCA2 or XRCC2). The results of the present

385 study are partially consistent with this model. BlmD/D Exo1¡/¡

cells showed genomic instability linked to an HR defect, which
correlated with reduced DSB resection. The HR defect and
genomic instability phenotype showed a significant rescue
when 53BP1 was additionally deleted. Interestingly, however,

390 we did not observe a measurable increase in DSB resection in
BlmD/D Exo1¡/¡ cells when 53bp1 was deleted (Figure 3B). This
result suggests one of two possibilities (Figure 4D). First, the
effect of 53BP1 on resection dynamics may be most relevant at
early timepoints after DSB induction. Deletion of 53bp1 may

395 allow the initial CtIP/Mre11-mediated stage of resection to pro-
ceed more quickly, increasing the recombinogenic potential of
the DSB, even though we could not detect a difference using
our RPA loading assay. Alternatively, our results may indicate
that 53BP1 has an additional important role in mediating

400 choice of DSB repair pathways besides control of DSB
resection.

In recent years, several functions of 53BP1 have been identi-
fied, which may contribute to its role in regulation of repair of
DSBs. 53BP1 recruits its downstream interacting partners,

405 RIF1 and PTIP, which regulate resection and DSB joining [52–
57]. PTIP associates with the endonuclease, Artemis, to cleave
single-stranded DNA regions, potentially reducing the appar-
ent rate of resection, but creating mutations by loss of DNA
sequence surrounding the break site [58]. At heterochromatic

410 regions, 53BP1 recruitment is reported to enable heterochro-
matin relaxation, to facilitate DNA repair [59,60]. 53BP1 antag-
onizes mutagenic single-strand annealing, that may occur as a
consequence of extensive double-strand break resection [61].
Finally, 53BP1 also appears to contribute to DSB repair by non-

415 homologous end-joining (NHEJ) by mediating the joining of
distant DNA ends, and by increasing the mobility of DSBs
within the nucleus [62–65]. These pro-NHEJ effects of 53BP1
are most likely to contribute to mutation in cells exhibiting
‘BRCAness’, because NHEJ has a propensity to introduce muta-

420 tions at the repair junction, and to produce translocations [19].
Ultimately, understanding the exact requirements for resec-

tion leading to productive HR will require a more holistic anal-
ysis of the different factors that contribute to this process.
Notably, the role of BRCA1 in mediating resection or

425displacing 53BP1 remains unclear, although recent results indi-
cate that the E3 ubiquitin ligase activity of BRCA1 may mediate
53BP1 repositioning [66]. Nonetheless, our results further dem-
onstrate the usefulness of ‘BRCAness’ as a concept for charac-
terization of cancer cases. Mutation or loss of expression of

430resection factors such as BLM and Exo1 can clearly lead to
mutagenic outcomes at the cellular level, which could contrib-
ute to malignancy. Identifying these changes would allow
greater use of the PARP inhibitor drug family for anti-cancer
therapy.

435Methods

Animal husbandry

All animal experiments were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at Rutgers University,
protocol 12–024.

440Metaphase spreads

B cells were arrested in metaphase using 100 ng/ml of colcemid
for 1 hour and fixed in 3:1 methanol:acetic acid fixative. PNA-
FISH was performed as previously described [34].

G2M cell cycle checkpoint

445B cells were grown for 48 hours, treated with 2.5 Gy of ionizing
radiation from a 237Cs gamma source, and collected 1 hour
after irradiation. B cells were fixed in 70% ethanol and permea-
bilized in 0.25% Triton X-100 in PBS. Cells were stained with
0.75 mg of anti-phosphoSer10- histone H3 antibody (Millipore

45006–570) and a 1:200 dilution of goat anti-rabbit Alexa-488 anti-
body. Cells were suspended in 1 mg/ml propidium iodide and
0.1 mg of RNase A in PBS and incubated at 37�C in the dark
for 30 minutes. Mitotic cells were measured using a Becton
Dickinson FACSCalibur and data were analyzed by FlowJo

455software.

Western blot and immunofluorescence

For western blotting, primary antibodies were used at the fol-
lowing dilutions: anti-tubulin (1:50,000, Sigma Aldrich) and
rabbit anti-pChk1 Ser317 (1:500, Cell Signaling 2344S). For

460immunofluorescence, B lymphocyte cells were activated and
treated with 10 Gy IR and 4 hour recovery prior to being
dropped onto slides coated with Cell-Tak (BD). Cells were pre-
extracted in 0.5% TX-100 in PBS, fixed in 2% paraformalde-
hyde in PBS, and permeabilized in 0.5% TX-100 in PBS and

465incubated in antibody. Primary antibody anti-Rad51 was used
at a 1:100 dilution (Santa Cruz H-92) and detected with anti-
rabbit Alexa-546 antibody at a 1:200 dilution (Thermo Fisher).
Cells were counterstained with DAPI and mounted in Mowiol
solution.

470RPA FACS

B cells were treated, fixed, and stained as previously described
[39]. Primary antibody anti-rat RPA-32 (Cell Signaling 2208S)

8 S. M. MISENKO ET AL.
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was used at a 1:500 dilution. B cells were suspended in 1 mg/ml
propidium idodide and 0.1 mg of RNase A and incubated at

475 37�c for 30 minutes in the dark. RPA+ cells were measured
using a Becton Dickinson FACSCalibur and data were analyzed
by FlowJo software.

Sister chromatid exchange assay

B cells were grown in 10 mM BrdU for 48 hours prior to fixa-
480 tion. Slides were stained with 10 mg/ml Hoechst 33258 in PBS.

Stained slides were rinsed in McIlvaine’s solution (164 mM
Na2HPO4, 16 mM citric acid, pH 7.0) and then UV irradiated
using a transilluminator for 45 minutes on a low setting. Slides
were incubated with pre-warmed 1x SSC at 55�c followed by

485 ddH20. Slides were stained in a 1:12 Giemsa stain containing
3% methanol for 30 minutes. Slides were rinsed with ddH20
and then dehydrated by placing in a Coplin jar containing
xylenes for 15 seconds, air dried, and mounted with Permount.

U20S EJ-DR assay

490 DNA repair assay was performed as previously described using
U2OS EJ-DR cells [67]. EJDR reporter cells were plated at
200,000 cells per wells in DMEM with 10% charcoal-stripped
FBS (100-119; Gemini), antibiotic/antimycotic and transfected
the next day with siRNA using Lipofectamine RNAiMAX

495 (13778-150: invitrogen). 2 days after siRNA transfection, we
replaced the media with DMEM containing 10% Tetracycline-
free FBS (100-800; Gemini) and antibiotic/antimycotic. Incor-
porated I-Sce1 was induced with Shield1 (632189; Clontech)
and triamcinolone (T6510; Sigma Aldrich) for 24 hrs. Relative

500 NHEJ and HR activity were assessed 48 hrs after induction by
quantification of the percentages of DsRed- and GFP-positive
cells on BD FACS Calibur system and analyzed on FlowJo
(Tree StarQ4 ).
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